The efficiency of four sample-processing methods was tested with eight different types of soils representing the major proportion of cultivated soils. The principle of sampling constant was applied for characterizing the efficiency of the procedures and testing the well-mixed status of the prepared soil. The test material was 14C-labeled atrazine that enabled keeping the random error of Grinding of soil is applicable for dry soils only, but the test procedure applied was not suitable for estimating a typical uncertainty of processing dry soil samples. Adding dry ice did not improve the efficiency of sample processing.
INTRODUCTION
There are numerous publications describing the analytical procedures for determining pesticide residues in soil but very few include detailed information on how the samples were prepared and homogenized before withdrawing the analytical portions, and especially what is the contribution of sample processing to the variability of the results. The procedures reported are briefly described hereunder. The soil samples were most frequently air-dried at room temperature for 24-48 h [1] [2] [3] [4] or freeze dried. [5] [6] Following the drying process the soil samples were sieved at 2 mm before analysis [7] and manually mixed or crushed by a mortar, [8] ground, milled with agate balls for 8-10 h and mixed thoroughly to homogenize each fraction of the sample. [9] The possible loss of volatile pesticide residues was not investigated in these studies. The soil sample, as received, was simply spread, thoroughly mixed manually and its quantity reduced by quartering. [10] Detailed description of preparation of laboratory samples was described by Taylor et al.: [11] bulk samples of 20-25 kg, composed of 80 cores, were tumbled in a concrete mixer for 5 minutes, passed four times through a riffle to obtain about 2.5 kg laboratory sample, the wet sample was divided into 4 fractions in the laboratory and 100 g portion extracted. Quadruplicate analyses of sub-samples were performed with relative standard deviations of 2.8-4.2 % which indicated that the sample processing error was negligible. The ISO/CD 11464 describes methodology for pre-treatment of samples for physico-chemical analysis including drying (≤ 40 o C in an oven or in the air, or freeze-dried), crushing the clods and removing stones, foreign materials which are larger than 2 mm by sieving and hand picking, sub-sampling the laboratory sample, if required. It is emphasized that the described procedures are not applicable if they affect the results of the determination to be made. [12] The correct interpretation of the results of field studies carried out to assess the environmental impact of pesticide residues, such as contamination of ground water, [13] the surface runoff, [14] [15] [16] [17] long-range transport, [18] persistence and interaction with soil particles, [19, 20] bioavailability of bound residues [21, 22] require reliable information on the residue content of soil.
The reliability of residue data depends on the contribution of three major phases of the determination process, [23] namely: sampling, S, sample preparation and processing, SP, and analysis, A. The preparation of the test portion, which is extracted, from the laboratory sample consists of two distinct procedures. [24, 25] The sample preparation is the procedure used, if required, to convert the laboratory sample into the analytical sample by removal of different parts (in case of soil: the stones, pebbles, remains of plant and other foreign materials etc.) not to be analyzed.
During sample processing the bulk sample size is reduced to obtain the analytical sample which is then homogenized by an appropriate procedure (e.g. cutting, grinding, mixing) to obtain a well-mixed matrix from which the test portion can be reproducibly withdrawn for extraction.
The uncertainty of the residue analytical results, S R , can be estimated based on the general low of error propagation [26] from the uncertainty of sampling, S S , uncertainty of sample processing, S SP , uncertainty of the analysis, S A :
Each phase can be further divided into consecutive steps, and their uncertainty, if quantified, can be inserted in the equation. The relative uncertainty of results of the analysis of a laboratory sample, CV Lab , is influenced by the random errors of sample processing, CV SP and analysis, CV A :
The uncertainty of analysis, S A , can be conveniently estimated from the results of the recovery studies carried out with spiked test portions. It includes the uncertainty of all steps which are performed after the spiking of the test portion. The uncertainty of sample processing cannot be directly estimated because the random error of analysis always contributes to the variability of the results. During the validation of the method, the S SP can be quantified by ANOVA from the results of replicate analyses of the extracts of several test portions withdrawn from the analytical sample containing field incurred residues or spiked with the test compound(s) before the homogenization. [27] Lyn et al. [28] applied a semi balanced variant of staggered nested design and analyzed duplicate portions of strawberry containing field incurred residues that reduced the number of analysis for making the study economical. Another approach is to determine the sampling constant, K S , for the process [29] and calculate the uncertainty of sample processing from it for the actual mass of test portions. [30] Systematic studies on the uncertainty of sample processing revealed [28, 30, 31] that the random error of sample processing of plant materials can be very high and may contribute substantially to the combined uncertainty of the results. Other studies performed with plant matrices [28, [32] [33] [34] indicated that certain compounds may decompose during sample processing at varying extent which can cause significant systematic error as well as increase the variability of the results.
The preliminary tests indicated that processing of soil samples to obtain 20-50 g test portions may also significantly contribute to the variability of the results of analysis, which is quite likely in view of the widely varying physical and chemical properties of soils.
The objectives of our study were to determine and compare the efficiency of processing soil samples with different kinds of homogenization techniques and to elaborate an efficient processing procedure, which can be reproducibly applied for different types of soils. The systematic and random errors of sample preparation cannot be estimated; therefore their assessment was not included in this study. The chemical stability or physical loss of analytes were not considered either, as they are compound specific and should be studied during method validation.
MATERIALS AND EQUIPMENT

Soil Samples
Soil samples of about 25-30 kg were collected in heavy-duty polyethylene bags from the upper 15-20 cm layer of agricultural fields, where wheat, maize and sunflower were grown. Some parameters affecting the physical properties of the soils tested are summarized in Table 1 . 
Equipment
METHODS
Storage and Preparation of Soil Samples
The samples were stored in tightly closed polyethylene bags in a dark storeroom at 15-22 o C ambient temperature. For one test about 1300-1500 g soil as received was pressed through the 5 mm sieve. The dry soil, which could not be disintegrated on the sieve, was first crushed in porcelain mortar. The pebbles and foreign materials were removed. The sieved material was mixed manually and a portion of 50 g was taken for spiking with the 14 C-labeled atrazine containing standard solution.
Treatment of Soil Samples
A portion of 50 g prepared soil sample was weighed in a 100 mL beaker, treated with 1 mL 14 C-labelled atrazine standard solution spread over the soil surface, and the spiked soil was mixed as well as possible with a glass road. The spiked soil was kept in the fume-hood for 30 minutes to evaporate the solvent. The treated portion was thoroughly mixed with the rest of the prepared soil according to one of the sample processing procedures described below. The weight of the 1 mL treating solution and the total amount of pre-treated soil sample were recorded, and the actual spiking level in dpm/g soil was calculated.
Sample Processing
Manual mixing
The spiked and prepared soil were manually mixed on the tray, then the mixture was transferred to a two-liter bottle with screw cap and mixed for 20 minutes on a rolling mixer.
Grinding
The prepared dry soil was milled, and about 1500 g ground soil was collected in a two-liter bottle with screw cap. A portion of 50 g sample was withdrawn and treated with 1 mL treating solution.
The treated and untreated portions were mixed together in the bottle using rolling mixer for 20 minutes.
Chopping in the presence of dry ice
The spiked and prepared wet soil was placed into the Tecator blender. After the material was mixed for a few second, dry ice was added in small portions. The blending time and amount of dry ice depended on the soil structure and its water content. For 1500 g soil about 750-1500 g dry ice and approximately one to three minutes of total blending time were required to achieve free flowing powder like material. The homogenized soil sample was transferred into the sub-sample divider tray, covered with aluminum foil to avoid condensation of water from the air and kept at room temperature until the dry ice evaporated.
Mixing with water and blending
The spiked and prepared soil was placed into the Stephan blender. The water content of the soil was adjusted to about 30-40 % by adding distilled water. The soil-water mixture was let to stand for some seconds and then blended for about 10-30 seconds. The material from the lid, and the wall was transferred back with a large spatula. The consistency of the matrix was examined visually and, if required, more water was added to get a creamy soil pulp. Mincing was continued for about another 10-30 seconds.
Withdrawal of analytical portions
The homogenized sample was spread uniformLy on the tray of the sub-sample divider by avoiding segregation of the particles, and the metal grid was placed in the tray ( 
Extraction
The 20 g and 200 g test portions were mixed with 2.8 mL and 28 mL 0.2 M NH 4 Cl solution, respectively. Then acetone was added in 2:1 solvent/soil ratio, the vessel was tightly closed and shaken for 30 minutes at 200-250 rpm. The frequency of shaking was adjusted, depending on the type of soil, to assure that the total amount of soil was continuously moving in the extraction vessel. After the extraction the soil was let to settle in the bottom of the extraction flask and about 50 mL extracting solution was transferred to a centrifuge tube and centrifuged for 1 minute. The small test portion was centrifuged directly. Three times 5 mL aliquots from each extract were transferred into polyethylene LSC vials for the measurement of radioactivity.
Measurement of Radioactivity
Twelve milliliters of liquid scintillation cocktail was added to the extract, and then the vial was closed tightly with a cap and shaken thoroughly. The radioactivity (dpm) of each vial was determined by liquid scintillation counting for three times five minutes. Each batch included a 14 C-labeled standard to monitor the counting precision and accuracy. The recoveries were calculated as the ratio of the measured and applied radioactivity. Based on the actually measured average radioactivity the relative uncertainty of the LSC counting was 0.73 %.
Assessment of the Efficiency of Sample Processing
The efficiency of sample processing can be characterized by the sampling constant, K S . [30] The sampling constant is defined as the weight of a single increment that must be withdrawn from a well-mixed material to hold the relative sampling uncertainty to 1 % with 68 % level of confidence. [29] It can be applied for describing the random error of sample processing as well:
where m is the weight of a test portion withdrawn as single increment and CV SP is the relative uncertainty of sample processing. Where two sets of test portions of widely differing weights (mL g , the weight of large portion, m Sm , the weight of small portion, and mL g /m Sm ≥ 10) is analyzed and the matrix is well mixed, then the sampling constant must be the same (Equation 4). 
The S SP can be calculated from the variance of residues measured in the test portions, V T , and the variance of analysis, V A ', determined from the replicate analyses of the residues in the same extract, provided that the V T is significantly larger than V A ' at 95 % probability level based on
As the V A ' is calculated from the replicate measurements of the analyte in the extract, the V SPE must also contain the uncertainty of extraction. This is a significant difference from the determination of
) from recovery studies as described under equation 1. The degrees of freedom are calculated in the usual manner: for V T it is equal to h*n-1, and for V A ' is h(n-1), where h is the number of test portions withdrawn and n is the number of replicate analyses of the extract of one test portion.
As the estimation of the variance based on small number of measurements is imprecise, the equality described by Equation 6 should be checked with two-tail F-test. If the ratio of S 2 SPLg and S 2 SPSm (m Sm /mL g ) (either of them can be larger) is smaller than or equal with the critical F value, the difference is not significant. In this case the homogenized sample can be considered statistically well mixed, and the K S can be calculated from the mL g and CV SPLg which is more precise than an estimate based on small sample increments. Wallace and Kratochvil [29] recommended that the F-test
should be applied at 90 % or lower level of confidence because, when the concept is applied for sampling and a material is considered well mixed when it is not it may have severe consequences under certain circumstances. However in analytical chemistry the uncertainty is estimated at 95 % level, therefore we accepted those cases as "well-mixed" where the calculated F value was smaller than the critical value at 95 % level (corresponding to one sided of the uncertainty of the whole determination procedure of pesticide residues in soil will be reported in a separate paper. Once the V E and V A ' are quantified the V SP can be calculated as:
The 
The confidence intervals for the estimated typical V SP were calculated at 95 % probability:
The corresponding CV SP values were used to calculate the expectable minimum and maximum K SP values for each sample processing method.
RESULTS AND DISCUSSION
In our experiments we treated a relatively small portion of the soil sample in order to represent the worst scenario regarding the initial inhomogeneity of residues in the sampled soil cores (one of 30 cores contains all residues). Therefore, the laboratories applying the methods, which proved to be efficient, can assume that the contribution of sample processing to the combined uncertainty of the results will be within the estimated values.
Since the LSC measurement could be carried out with about 0.73 % relative standard uncertainty, the volumetric measurements were complemented with weighing of the mass of the materials in case of all operations in order to keep the combined uncertainty as low as possible.
All results were calculated on mass/mass basis.
The sample processing methods applied for various soil samples and the results of the tests are summarized in Tables 4, 5 and 6.
The manual processing, Table 4 , which is used in many laboratories, was tried first. When sandy and wet soils were processed well mixed samples could be obtained The dry soils were crushed in a mortar and ground to powder, and then processed as described under grinding method. Though powdery material was obtained the results were not reproducible. It may be attributed to the strong absorption of the spiking solution to a small portion of the dry powdery soil, and these particles could not be properly mixed with the rest of the soil sample. Therefore, we consider that the procedure for testing uncertainty of sample processing described in this paper is not applicable for dry soils. No published information could be found on the efficiency of this procedure, therefore it should be checked with the analysis of replicate test portions of samples taken from the fields treated with pesticides. In any case, the grinding method has an important limitation as it can only be used in those cases, where the water content of the soil is less than 5 %. Consequently, most of the soil samples must be dried before processing. Therefore the potential loss of analytes due to volatilization or steam distillation must be checked before this method is used. The grinding procedure was not further investigated in this study.
As the chopping and mincing in the presence of dry ice improved the efficiency of sample processing in case of plant materials [31] and made possible to grind difficult sample matrices such as straw, stalk etc., we tested the possibility of applying dry-ice to improve the reproducibility and efficiency of processing soil samples. However, the application of dry-ice did not improve the reproducibility of processing wet soils, as the K S values were widely varying and 2 out of 5 tests did not result in well-mixed samples. As it did not show the potential for reducing the variability of residues in test portions of soils of widely varying physical conditions, further tests were not carried out. Based on the available data, the estimation of a typical K S value was not considered appropriate, and we concluded that this method was not applicable for the dry soils (Table 5 ). It should be noted, however, that where volatile compounds should be analyzed in wet soil, the use of dry-ice during sample processing may provide the best option.
Adding water to the sample (Table 6 ) to facilitate homogenization is used for plant samples for pesticide residue analysis [30] as well as for obtaining well-mixed materials for mycotoxin analysis with slurry technique. Further, water is frequently added to test portions of soil before extraction [35, 36] . Therefore, we investigated how the addition of water would improve the homogenization process. This method proved to be very efficient for all types of soils, and it was the most reproducible among the procedures tested. The K S value was almost 20 times smaller than that obtained for manual processing resulting in a CV SP of 6 % for 20 g test portion, and 7.75 % at the upper 95 % confidence limit. 
Internal Quality Control
Since the efficiency of sample processing can be significantly influenced by the actual physical conditions of the soil samples, it is not sufficient to test its efficiency once at the time of method validation, but is should be checked regularly during the application of the method.
During the use of the method, as part of the performance verification, the CV Lab can be conveniently determined from the residues measured in duplicate portions of samples containing field-incurred residues. If the relative difference of the residues measured in replicate portions is
Assuming that only random error affects the duplicate measurements, the average of random errors in many measurements must be zero. Thus the degree of freedom is equal to n, the number of measurement pairs.
[23]
The CV A is determined from the results of recovery studies performed with spiked analytical portions. If required, the actual CV Sp can be determined from CV Lab and CV A after the rearrangement of Equation 2.
Once the typical CV Lab is established based on method validation and performance verification tests, the daily performance of the method can be tested by comparing the difference of results of replicate test portions to the critical difference calculated from the typical CV Lab value taking into account its degree of freedom which will effect the f value.
Where the
it can be declared that the used method performed as expected and the estimated combined uncertainty is valid for the results obtained. Where the estimation of the CV Lab is based on large number of measurements (> 20), 2.8 can be used for f in case of duplicate measurements. [37] For smaller degree of freedom or larger number of replicate measurements the value for f can be taken from statistical tables for Studentised extreme range.
[38]
Optimization of the Analytical Procedure
The information on the relative contribution of various components to the combined uncertainty may be very useful in optimizing the experimental design for a study or an analytical procedure.
The number and size of samples to be taken, the mass of analytical portion and the number of replicate samples to be analysed can be better decided if the uncertainties of the procedures are taken into account. Attempting to reduce the uncertainty of individual steps may not be worth beyond a certain level, as the overall uncertainty will not be improved significantly. Table 7 shows some example for the relative contribution of sampling, sample processing and analysis to the combined relative standard uncertainty of the results. It can be seen that any of the steps can be a major contributor to the combined uncertainty. The magnitude of the contribution of sample processing to the combined uncertainty depends on its ratio to the uncertainty of sampling and analysis. Assuming a 25 % error of sampling, 15 % and 25 % error of analysis, the contribution of sample processing becomes practically insignificant at or below 8 % and 10 %, respectively. The mass of test portion can be selected accordingly taking into account the sub-sampling constant, K SP , of the procedure.
CONCLUSIONS
The application of the principles of sampling constant, K S , for characterizing the efficiency of a sample processing method has a definite advantage over testing the homogeneity of samples with ANOVA calculation, as the expectable sample processing uncertainty can be calculated from it for any test portion size larger than the small portion used for its determination.
The use of 14 C-labeled atrazine as a model substance was very advantageous, since we could precisely (with a typical relative standard deviation ≤ 1-1.5 %) and quickly (within 15 minutes) determine the analyte directly in the extract and eliminate the effects of the rest of the analytical procedure, which greatly improved the precision of the final results. Naturally, the elaborated methodology can also be applied without labeled compound, but its implementation takes longer and the estimated K S is less precise.
Even if statistically well-mixed samples were obtained with manual mixing or grinding the procedures were not well reproducible, and they could only be used for a limited range of samples.
The processing in the presence of water can be carried out with the usually available equipment of pesticide residue laboratories and it is considered suitable for general use in multi residue analysis. The results obtained for different type of soils did not differ significantly, thus the estimated typical K S value can be used for most frequently occurring soils.
The sample processing uncertainty in well-mixed soil samples is inversely proportional to the mass of the test portion. For 20 g test portion typically 6 % relative uncertainty may be expected with wet processing. If the well-mixed status can be achieved at all at 2-5 g test portion level the sample processing uncertainty would be 19-12 %. This relatively large uncertainty should be taken into account where small test portions are extracted e.g. accelerated solvent extraction or supercritical fluid extraction are used. The variability with other processing methods may be much higher depending on the type of soil and physical condition of the sample. Therefore, the efficiency of sample processing should be checked initially as part of the method validation and regularly during the use of the method with the re-analysis of a second test portion withdrawn from randomLy selected samples.
The efficiency of sample processing is independent from the pesticide residues being present in the sample. Therefore once the efficiency of sample processing is determined during method validation and verified by internal quality control procedures, the results obtained are valid for all pesticide residues except highly volatile and labile compounds which can evaporate or degrade during the process at various extent depending on the conditions of the laboratory environment.
Thorough testing of the efficiency of sample processing procedure requires an extensive study, but the information obtained on the uncertainty of a given procedure can be used in future for the estimation of the combined uncertainty of the results. Therefore, it seems more practical and economical to test the efficiency of the physical sample processing methods applied in a laboratory with stable compounds and establish its standard uncertainty, and then apply the standardized procedures, described in detail in SOPs, for the validation of analytical methods for different pesticide residues. The method validation should naturally include testing the stability of analyte and determine its portion survived after sample processing together with its uncertainty. The average loss of analyte during sample processing can be combined with the average procedural recovery to obtain the systematic error of the determination. Similarly the combined uncertainties of these two steps should be calculated and taken into account in the estimation of the uncertainty of the results. The calculated average value is 13.1, but it cannot be considered as typical value because from the 5 tests 2 gave NWM results, and the K S ranged between 1.15 and 25 in the remaining three tests. 
